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ABSTRACT Macroscopic consequences of the formation of diacylglycerol by phospholipase C (PC-PLC) in giant 1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine (SOPC) unilamellar vesicles (GUVs, diameter 10–100 m) were studied by phase
contrast and fluorescence microscopy. PC-PLC caused a series of fast stepwise shrinkages of fluid SOPC GUVs, continuing
until the vesicle disappeared beyond the optical resolution of the microscope. The presence of N-palmitoyl-sphingomyelin
(mole fraction X  0.25) in the GUVs did not affect the outcome of the PC-PLC reaction. In addition to hydrolysis, PC-PLC
induced adhesion of vicinal vesicles. When multilamellar SOPC vesicles were used only a minor decrease in their diameter
was evident suggesting that PC-PLC can exert its hydrolytic activity only in the outer monolayer. A series of stepwise
shrinkages was observed also for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) GUVs above their main phase
transition temperature, Tm, i.e., when the bilayer is in the liquid crystalline state. However, this process was not observed for
DMPC GUVs in the gel state, below Tm. These results are supported by the enhanced activity of PC-PLC upon exceeding Tm
of DMPC large unilamellar vesicles (diameter 0.1 m) used as a substrate. Studies on SOPC monolayers revealed that
PC-PLC can exert its hydrolytic activity only at surface pressures below 30 mN/m. Accordingly, the lack of changes in the
gel state DMPC GUVs could be explained by the equilibrium lateral pressure in these vesicles exceeding this critical value.
INTRODUCTION
Phospholipases represent a group of hydrolytic enzymes,
which are intimately involved in different cellular signaling
cascades and modify the structure of phospholipids in a
number of specific ways (Roberts, 1996). More specifically,
phospholipase A1 and A2 cleave the acyl chains at sn-1 and
sn-2 positions, respectively, and phospholipase D (PLD)
modifies the polar headgroup to yield phosphatidic acid,
while phospholipase C (PLC) produces diacylglycerol.
Phospholipases further involve enzymes with different sub-
strate specificities, such as those acting on phosphatidylino-
sitol (PI-PLC), sphingomyelin (SMase), and phosphatidyl-
choline (PC-PLC). The signaling molecules derived from
the reactions catalyzed by phospholipases include arachi-
donic acid, lysophosphatidylcholine (lysoPC), diacylglyc-
erol, ceramide, phosphatidic acid (PA), and lysophospha-
tidic acid (lysoPA, for a recent review see Go˜ni and Alonso,
1999). These lipids have been recognized to represent sec-
ond messengers and some of them have been shown to
represent high-affinity ligands for specific effectors, such as
the specific G-protein coupled receptor described for ly-
soPA (e.g., Moolenaar, 1995).
While ceramide is involved in apoptosis the closely sim-
ilar lipid, diacylglycerol generated by PC-PLC has been
implicated as a messenger for cell growth (reviewed in
Kinnunen, 1996). Similarly to PLA2, PC-PLC exhibits in-
terfacial activation, a lag time before a sudden burst in its
activity (Hønger et al., 1997; Ruiz-Argu¨ello et al., 1998a),
sensitivity to lipid lateral packing (Rao, 1992; Rao and
Sundaram, 1993), and increase in activity at the main phase
transition of the substrate phospholipid (Vandenbranden et
al., 1985; Gabriel et al., 1987). Increasing contents of diac-
ylglycerol in phospholipid substrate enhance the activity of
both PLA2 and PC-PLC (Dawson et al., 1984). Diacylglyc-
erol is a specific activator for protein kinase C (Zidovetski
and Lester, 1992). Recently, Alonso and Go˜ni and their
coworkers have shown that PC-PLC activity is not directly
influenced by the formation of non-lamellar structures
(Ruiz-Argu¨ello et al., 1996) and suggested the tendency to
form non-lamellar phases (Kinnunen, 1996) or release of the
packing stress to activate this enzyme. Using cryo-transmis-
sion electron microscopy the same group showed that
PC-PLC activation is linked to vesicle aggregation. This is
followed by the formation of a closely packed “honeycomb
structure” which eventually leads to the emergence of larger
spherical vesicles (Basa´n˜ez et al., 1997). Under conditions
where SMase or PC-PLC cannot produce major structural
changes in the vesicles, the concerted action of these two
lipases induces vesicle fusion. The above suggests “cross-
talk” of the ceramide and diacylglycerol involving signal
transduction pathways (Ruiz-Argu¨ello et al., 1998b).
Liposomes have been extensively used as models for cell
membranes for the past 20 years. Initially, Bangham and
coworkers showed that lipids spontaneously form closed
structures when dispersed into an aqueous medium (Bang-
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ham et. al., 1965). However, these structures are multilay-
ered and inability to control their size and the number of the
concentric lipid bilayers represent a significant drawback.
Exposure to ultrasonication allows obtaining small unila-
mellar vesicles (Ø  30 nm) with a relatively narrow size
distribution. The small size and high curvature, however,
limits their use. Extrusion through small pores yields large
unilamellar vesicles (Ø 50–200 nm). However, also these
vesicles are too small for studies on their morphology by
light microscopy. To this end, topological changes in lipid
membranes have gained only minor attention, perhaps due
to the very lack of proper model membranes. Giant unila-
mellar vesicles (GUVs, Ø  10 m) can be formed by an
AC electric field (Angelova and Dimitrov, 1986; Luisi and
Walde, 2000). It is becoming evident that the vesicle size
and curvature plays significant roles in the outcome of, for
example, enzymatic reactions taking place on the lipid
membrane (Hubner et al., 1998). For instance, when large
unilamellar vesicles are treated with sphingomyelinase only
aggregation and occasional fusion is observed (Ruiz-Ar-
gu¨ello et al., 1996; Basa´n˜ez et al., 1997), whereas when the
size of the vesicles is 100–1000 times larger vectorial
budding of small vesicles takes place (Holopainen et al.,
2000a).
This study continues our efforts to characterize the
morphological consequences due to specific modifica-
tions of the lipid composition of giant vesicles by differ-
ent phospholipases. Here we show that the formation of
diacylglycerol by PC-specific phospholipase C in fluid
phosphatidylcholine giant unilamellar vesicles results in
a series of consequent stepwise shrinkages of the lipo-
some. The above is not observed for multilamellar vesi-
cles nor for membranes in the gel state below the main
transition temperature.
MATERIALS AND METHODS
Materials
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) was from Avanti
Polar Lipids (Alabaster, AL), 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) from Sigma, and C16:0-sphingomyelin from Northern Lipids
Inc. (Vancouver, British Columbia, Canada). The concentrations of
BODIPY-sphingomyelin and 4-(4-(dihexadecylamino)styryl)-N-meth-
ylpyridinium iodide (DiA) (Molecular Probes, Eugene, OR) were deter-
mined spectrophotometrically using 91,000 cm1 at 505 nm, and 52,000
cm1 at 491 nm, respectively, as their molar extinction coefficients.
Concentrations of the other lipids were determined gravimetrically using a
high precision electrobalance (Cahn, Cerritos, CA). The purity of the lipids
was checked by thin-layer chromatography on silicic acid coated plates
(Merck, Darmstadt, Germany) developed with chloroform/methanol/water
(65:25:4, v/v/v). Examination of the plates after iodine staining or, when
appropriate by fluorescence illumination revealed no impurities. PC-PLC
(phosphatidylcholine cholinephosphohydrolase, EC 3.1.4.3) from Bacillus
cereus (Grade I, 4000 U/ml, specific activity 2000 units/mg protein) was
from Boehringer Mannheim. The purity of the enzyme was analyzed by
SDS polyacrylamide gel electrophoresis and revealed no impurities. Pro
analysis grade solvents were from Merck and other chemicals from stan-
dard sources.
Liposome preparation
Lipid stock solutions (10, 10, and 2.5 mM for SOPC, DMPC, and C16:0-
sphingomyelin, respectively) were mixed in chloroform to obtain the
desired compositions, with either DiA or N-(4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-pentanoyl)sphingosyl phosphocholine
(Bdp-SM) included as a fluorescent probe. Three different lipid solutions
were made: 1) SOPC:DiA (molar ratio 1.0:0.005), 2) SOPC:N-palmitoyl-
sphingomyelin (C16:0-SM):Bdp-SM (molar ratio 0.75:0.20:0.05), and 3)
DMPC. The solvent was evaporated under a stream of nitrogen and
subsequent evacuation under reduced pressure for at least 12 h. The dry
residue was dissolved in diethylether:methanol (9:1, v/v) to yield a final
total lipid concentration of 1 mM. Approximately 1 l of this solution was
applied onto the surface of the platinum electrodes (Angelova and Dim-
itrov, 1986) that were then dried with a stream of nitrogen and evacuation
in vacuum for at least 1 h. A glass chamber with the attached electrodes and
with a quartz window bottom was placed on a homemade temperature-
controlled stage (supported by a Polystat cc3, Huber, Offenburg, Germany)
of a Zeiss Axiovert 135 inverted fluorescence microscope (see instrument
setup in Wick et al., 1996). An 0.2 V AC voltage (f  4–10 Hz) was
applied before adding 1.3 ml of 0.5 mM Hepes, pH 7.4 buffer. During the
first minute of hydration the voltage was raised to 1–2 V. After 2 h the AC
field was turned off and giant liposomes were observed through a phase
contrast objective (Zeiss Achroplane LD 40X/0.60). For fluorescence
microscopy excitation and emission wavelengths were selected with filters
transmitting in the range 485 nm and 520 nm, respectively. Images were
viewed with a Peltier-cooled CCD B/W camera (C5985–10, Hamamatsu,
Japan) connected to a computer.
Microinjection of PC-PLC
Micropipettes with inner tip diameters of 0.5–1 m (Schnorf et al., 1994)
were made from borosilicate capillaries (1.2 mm outer diameter) by a
microprocessor-controlled vertical puller (PC-10, Narishige, Tokyo, Ja-
pan). PC-PLC was dissolved in 9 mM CaCl2, 1.8 mM MgCl2 aqueous
solution to yield a final enzyme concentration of 0.8–8 U/ml (0.4–4
g/ml). The micropipette was filled with the enzyme solution using Ep-
pendorf automatic pipettes. The micropipette was positioned with a Na-
rishige MMN-1 and fine positioning was performed with hydraulic MMO-
202N micromanipulator (Narishige, Tokyo, Japan). Subsequently, small
aliquots (a few picoliters) of the enzyme were applied onto the outer
surface of individual giant vesicles with a pneumatic microinjector (Trans-
jector 5246, Eppendorf, Hinz, Germany). For easier handling only vesicles
attached to the electrode surface were used. All experiments were repeated
at least 5 times with excellent reproducibility.
Hydrolysis of monolayers
Action of PC-PLC on SOPC monolayers residing on an air/buffer interface
was observed by monitoring decrease in surface pressure (). Teflon-
coated circular wells (subphase volume 1.2 ml, diameter 1 cm, Multiwell
plate, Kibron Inc., Helsinki, Finland) were used and  was measured using
a metal alloy wire attached to a microbalance (KBN 602, Kibron Inc.).
Data were collected and analyzed using dedicated software (DeltaGraph)
provided by the instrument manufacturer. SOPC (dissolved in CHCl3) was
applied on the air/buffer (0.5 mM Hepes, 10 mM CaCl2, pH 7.4) interface
using a Hamilton syringe. As the desired  was reached, the lipid film was
allowed to equilibrate for 10 min before adding the enzyme into the
subphase (final concentration 0.08 U/ml). Subsequent changes in  were
monitored for 30 min. The reactions were conducted at ambient tempera-
ture (22°C), with continuous magnetic stirring of the wells.
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Liposome preparation and
thin-layer chromatography
Appropriate amounts of DMPC stock solutions were mixed in chloroform
and then evaporated to dryness under a stream of nitrogen. Traces of
solvent were subsequently removed by evacuating under reduced pressure
for at least 12 h . The lipid residues were hydrated at 50°C in 0.5 mM
Hepes, 10 mM CaCl2, 2 mM MgCl2, pH 7.4 buffer to yield a final lipid
concentration of 2 mM. The lipids were maintained at this temperature for
30 min before irradiation for two min in a bath type ultrasonicator (NEY
Ultrasonik 104H, Yucaipa, CA). The resulting dispersions were subse-
quently processed to large unilamellar vesicles (LUVs) by extrusion
through one Millipore (Bedford, MA) 0.1 m pore size polycarbonate
filters using a Liposofast-Pneumatic (Avestin, Ottawa, Canada). A semi-
quantitative assay for the activity of PC-PLC acting on DMPC LUVs was
performed, essentially as described previously for SMase (Holopainen et
al., 2000b). In brief, DMPC LUVs in 0.5 mM Hepes, 10 mM CaCl2, 2 mM
MgCl2, pH 7.4 buffer were maintained for 15 min at various temperatures
(10–30°C) at a final lipid concentration of 0.3 mM. Subsequently, the
enzyme reactions were started at the desired temperatures by the addition
of PC-PLC (5 U/ml). After 5 min the reactions were stopped by adding 1
ml of chloroform:methanol (4:1, v/v). From the lower organic phase 800 l
was separated and concentrated by evaporating the solvents where after 50
l of chloroform was added to dissolve the lipids. Dimyristoylglycerol
(DMG) was separated from the reaction mixture on TLC plates using
hexane/ethyl-ether/acetic acid (80:20:1, v/v/v) as a solvent system. The
plates were scanned and digitized with an Epson Perfection photo 1200
(Nagano, Japan) connected to Pentium PC and the amount of DMG was
evaluated densitometrically by dedicated software (Aida/2D densitometry,
version 2.00; Raytest Isotopenmessgera¨te GmbH, Straubenhardt, Germa-
ny). All experiments were repeated at least twice.
RESULTS
Giant liposomes composed of 1-stearoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (SOPC) and fluorescent dye DiA
(XDiA  0.005) readily formed in an AC field and were
visible by phase contrast microscope (Fig. 1 A). Only ves-
icles that appeared quasi spherical and therefore were under
minor membrane tension were selected. Following the ad-
dition of PC-PLC (0.8 U/ml, 0.4 g/ml) close to the outer
surface of the vesicle a lag time ranging from tens of
seconds to several minutes was observed (Fig. 1 B). We did
not attempt to characterize the nature or origin of the lag
period at this stage. At the end of the lag, the vesicle surface
began to undulate, followed by a sudden (within 1 s)
shrinkage of the vesicle (Fig. 1 C). The latter was followed
by another lag period and subsequent rapid shrinkage of the
vesicle. This sequence of events repeated until the vesicle
disappeared beyond the resolution of the optical microscope
(Fig. 1, D–H). Changes in vesicle diameter vs. time are
shown in Fig. 2 A and reveal the intermittent lag/shrink-
age behavior. To emphasize this lag/shrinkage process
the last 50 s, illustrating the stepwise disappearance of
the SOPC GUV is depicted in Fig. 2 B. The above
morphological consequences of PC-PLC reaction re-
mained identical when a more concentrated (10X; 8
U/ml, 4 g/ml) PC-PLC solution was used, with no
apparent differences in the lag time (data not shown).
This indicates that the rate of formation of 1-stearoyl-2-
oleoyl-sn-glycerol (SOG) is not the rate-limiting factor
for the above sequence of morphological transitions.
The observed lag/shrinkage behavior could be due to
impurities, such as proteins, within the enzyme solution. It
has, however, been previously shown that lysozyme (Wick
et al., 1996) applied to the outer surface of GUVs composed
of zwitterionic lipids does not induce morphological
changes in the vesicle. In line with the above cytochrome c
applied onto SOPC GUVs produces no morphological
changes (J. M. Holopainen and P. K. J. Kinnunen, unpub-
lished data). Finally to rule out the possibility that impuri-
ties, such as detergents, within the enzyme solution would
be responsible for the observed lag-shrinkage behavior heat-
inactivated PC-PLC was used. In brief, PC-PLC was incu-
bated at 90°C for 2 h , which decreased enzyme activity by
90% (data not shown). The heat-treated enzyme was
microinjected onto SOPC GUVs. The inactivated enzyme
did not cause any changes into SOPC GUVs (data not
shown). In summary, these results provide strong support to
the idea that the lag/shrinkage behavior is caused by the
action of PC-PLC.
No vesiculation (inward or outward) was observed by
phase contrast microscopy in the experiments described
above. Accordingly, to trace the fate of the lipids lost from
the surface in vesicle shrinkage we used fluorescence mi-
croscopy (data not shown). Uniform distribution of the
fluorescent lipid, DiA, in the membrane was initially evi-
dent at the resolution of the optical microscope. Notably, we
did use rather low probe concentration (X  0.005) and did
not want to increase this so as to limit the membrane
perturbing effect of the dye. The intermittent lag period and
stepwise shrinkages were evident also in fluorescence im-
ages, until the vesicle disappeared beyond the resolution of
the microscope. However, there was no evidence for vesic-
ulation or detachment of the lipids from the vesicles. The
optics of our system would allow to observe vesicles with
diameters of 1 m. Accordingly, vesicles smaller than
this would not be detected and therefore it is possible that
1 m vesicles could be released from the GUV. In con-
trast, the intensity increased at the sites of attachment of the
vesicle to the platinum wire, in an area with contacts to
other vesicles and lipid residue on the platinum electrode
(Fig. 3). The reason for the decrease in size of fluid vesicle
could be the accumulation in the area of the vesicle-vesicle
contact sites on the platinum wire of newly formed diacyl-
glycerol either as isotropic droplets (Mountford and Wright,
1988) or possibly as topically enriched inverted cubic phase
(Go˜ni et al., 1998) containing a number of contacting mem-
branes. Third possibility would be the formation of submi-
croscopic vesicles. Importantly, all cases lead to the mini-
mization of exposure of diacylglycerol to the aqueous
phase.
Our previous study on the external action of SMase on
GUVs demonstrated an endocytosis-like vesiculation of the
reaction product, ceramide into the interior of the vesicle
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FIGURE 1 Transformations of a single
SOPC/DiA (molar ratio 1:0.005) giant vesicle,
induced by the addition of B. cereus phospho-
lipase C (PC-PLC) in the vicinity of the vesicle.
Still phase contrast images were taken at before
enzyme administration (A) and after 6 min 18 s
(B), 6 min 30 s (C), 6 min 35 s (D), 6 min 49 s
(E), 6 min 53 s (F), 7 min 3 s (G), and 7 min 26 s
(H). The length of the scale bar in D corresponds
to 20 m.
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(Holopainen et al., 2000a). In order to investigate the pos-
sibility that the difference in vesicle morphology caused by
SMase and PC-PLC resulted from the presence of sphingo-
myelin, we used similar GUVs as in our earlier investiga-
tion, composed of SOPC, N-palmitoyl-sphingomyelin (C16:
0-SM), and Bdp-SM as a fluorescent tracer (molar ratio
0.75:0.20:0.05, respectively). Upon the addition of PC-PLC
to the vicinity of the outer surface of these GUVs, a step-
wise shrinkage was again observed similarly to pure SOPC
vesicles, thus ruling out the possibility that the vesiculation
observed for SMase in our previous study was related to the
vesicle composition (data not shown). Finally, we attempted
to produce GUVs with high C16:0-SM contents. These
were, unfortunately, significantly smaller compared to ves-
icles with no or low contents of SM and made it impossible
to pursue sound experiments. A likely reason for this is the
high main transition temperature for C16:0-SM (41°C)
hampering the electroformation of GUVs.
PC-PLC applied close to the surface of two or more
initially adjacent vesicles can also cause their adherence
(Fig. 4). Subsequently, the vesicles form a honeycomb
structure with a flattened adhering surface. Slowly (within a
few minutes) the adherence is then diminished while the
vesicles remain in contact. Adhesion of GUVs in the buffer
without PC-PLC was not observed, thus ruling out the
possibility that the divalent cations (i.e., Ca2) added along
with the enzyme would cause vesicle adhesion. Occasion-
ally, yet only rarely, vesicle fusion was observed in the
experiments after PC-PLC addition (data not shown). How-
ever, no obvious correlation with vesicle preparation, size,
or enzyme amount could be established. The lack of vesicle
shrinkage for two adhering GUVs could be due to the
formation of the contact site due to the increased hydropho-
bicity while vesicle fusion may still not be energetically
feasible. This is followed by the transfer and enrichment of
diacylglycerols to the lipid residues on the platinum wire
and subsequent detachment of the two vesicles allowing for
the lack of vesicle shrinkage. Unfortunately, we are lacking
a method to investigate this possibility.
In order to distinguish between unilamellar and multila-
mellar vesicles the emission intensity of the included fluo-
rescent lipid tracer, DiA, was used. Up to approximately
four bilayers the emission intensity of the GUV membrane
increases as a multiple of the amount of bilayers present
(Akashi et al., 1996). This allowed choosing vesicles with
either one or multiple bilayers. The appearance of multila-
mellar GUVs in phase contrast microscope is somewhat
smoother and occasionally also the different layers of the
vesicle could be distinguished (data not shown). After the
enzyme was applied on multilamellar GUVs only a minor
decrease (3%) in the vesicle diameter was observed in 60
min. After this time, the vesicle diameter remained practi-
cally unaltered. Notably, the series of sequential stepwise
shrinkages such as described above for the unilamellar
vesicles was not observed.
We then proceeded to study how the phase state of the
lipid bilayer affects the PC-PLC induced changes in the
topology of GUVs. For this purpose we used GUVs com-
posed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine,
DMPC (Fig. 5 A). As the AC field method does not yield
vesicles at temperatures below the main phase transition
temperature (Tm), the vesicles were first formed at 28°C,
i.e., above Tm of DMPC at 24°C. Subsequently, the tem-
perature was lowered to 13–16°C (see Materials and Meth-
ods for details) and the enzyme was applied externally to the
vicinity of the outer surface of the vesicle. At T  Tm the
vesicles were not perfectly spherical (Fig. 5 A). After en-
zyme application the vesicles remained essentially unaltered
(59.1  0.05 m) suggesting lack of hydrolysis of DMPC
by PC-PLC even after prolonged incubation times (up to
100 min). When 10-fold more concentrated PC-PLC (8
U/ml; 4 g/ml) solution was used the topological changes in
the GUV were still absent (data not shown). Yet, fluid
FIGURE 2 (A) Time course for the decrease of three SOPC GUV
diameter following application of B. cereus phospholipase C to the vicinity
of the membrane. (B) The last 50 s of the enzymatic digestion of the above
GUVs shown in A.
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DMPC GUVs (T  Tm) behaved essentially similarly to the
unsaturated SOPC vesicles, exhibiting a lag/shrinkage pro-
cess following exposure to PC-PLC (data not shown).
Information on the hydrolysis rate and amount of product
in gel state DMPC GUVs due to PC-PLC action would be
of interest. Due to technical limitations this, however, is not
feasible, as follows. First of all, a large population of GUVs
with a reasonably small size distribution is difficult to
obtain. Secondly, recovery of these GUVs without breaking
them is not possible. Finally, the total amount of lipids in
the GUV formation chamber is 2–3 nmol, of which the
amount of DAG is very small, thus preventing reliable
quantitation. We attempted to quantify the progress of the
PC-PLC reaction using a modification of the method used
by Dorovska-Taran et al. (1996). In brief, headgroup labeled
phosphatidylethanolamine (DPPF) was included into the
GUVs which were then subjected to enzyme action. Upon
cleavage of the phospholipid headgroup by PC-PLC the
emission should decrease as the fluorescent probe is re-
leased into the aqueous phase. However, despite several
trials we could not produce reliable data. This could result
from small movements of the GUV in the focal plane, thus
impeding quantitation in the decrease in emission intensity.
Accordingly, we used large unilamellar vesicles (LUVs) to
study the effect of the phase state on the action of PC-PLC.
The enzyme exhibits a limited rate of hydrolysis with gel
state DMPC as the substrate and shows a pronounced in-
crease in activity at approximately the main phase transition
temperature, whereas little changes in enzyme activity are
evident upon further increase in temperature (Fig. 6). Al-
though PC-PLC shows considerable activity toward DMPC
LUVs at T  Tm, GUVs seem to be resistant to PC-PLC.
This is likely to reflect the curvature difference between
LUVs and GUVs which might play a role in producing
packing defects and thus explaining the difference in the
hydrolysis rates. The lack of lag/shrinkage behavior in gel
state DMPC GUVs does not rule out that a small, critical
amount of DMG could be formed in the gel state GUVs
required for the observed phenomena. Alonso and Go˜ni and
their coworkers, however, found that relatively high critical
concentrations 10 mol % were required for the sudden
burst in the activity of PC-PLC (Basa´n˜ez et al., 1996).
Taken together, it seems plausible to suggest that PC-PLC
show no or only very little enzymatic activity toward gel
state DMPC GUVs.
The activity of phospholipase A2 toward large unilamel-
lar vesicles has been demonstrated to depend on the lipid
lateral packing (Lehtonen and Kinnunen, 1995). It has also
been shown that the equilibrium lateral pressure for vesicles
decreases upon the transition into the liquid crystalline state
(Blume, 1979; Fulford and Peel, 1980; Konttila et al.,
1988). For a phosphatidylcholine analogue, 1-palmitoyl-2-
[10-(pyren-1-yl)-10-ketodecanoyl]-sn-glycero-3-phospho-
choline, this decrement has been estimated to be 22
FIGURE 3 The increase in the emission intensity of DiA at the contact site of the vesicle to the platinum wire.
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mN/m, from 39 to 17 mN/m (Konttila et al., 1988). For
dipalmitoylphosphatidylcholine (DPPC) it has been esti-
mated that this decrease would be somewhat larger, 40
mN/m, from 65 to 25 mN/m (Fulford and Peel, 1980). For
DMPC the decrease has been suggested to be 20 mN/m
(Blume, 1979). We explored the mechanistic basis for the
above lack of PC-PLC activity toward gel state DMPC
vesicles. Accordingly, we assessed the dependence of the
activity of PC-PLC on the lipid lateral packing by measur-
ing the decrease in surface pressure (	) caused by
PC-PLC added into the subphase underneath a SOPC mono-
layer residing at the air/water interface at initial surface
pressures (0) of 13 to 44 mN/m (Fig. 7 A). Below 30
mN/m the enzyme readily hydrolyzed the SOPC monolayer
causing a rapid decrease in . However, when 0  32
mN/m the enzymatic reaction became very slow, with only
minor decrement in  being evident. To emphasize depen-
dence of the enzymatic reaction on 0 these data are shown
as the percent difference in the initial value for 0 and final
pressure  (20 min after enzyme addition) divided by the
initial pressure ((0  /0)*100) vs. 0, which revealed a
sigmoidal behavior (Fig. 7 B). With increasing 0 a major
decrease in the relative surface pressure was evident until at
0  28 mN/m, thus indicating that above this lateral
pressure the enzymatic reaction was strongly attenuated, in
accordance with previous studies (Daniele et al., 1996).
These measurements with monolayers thus suggest that the
lack of PC-PLC activity on DMPC GUV at T  Tm could
be due to the value of  in these vesicles exceeding 30
mN/m, in accordance with previous studies (Blume, 1979;
Fulford and Peel, 1980; Konttila et al., 1988). Yet, although
lipid monolayers are widely used as model membranes it
should be emphasized that they cannot be considered to
represent an exact equivalent to bilayers due to the very lack
of the adjacent lipid monolayer (Brockman, 1999). The
enzymatic reaction in monolayers may thus differ from that
with a lipid bilayer as a substrate and the above conclusions
should be considered as tentative only.
DISCUSSION
We have previously shown that SM specific PLC (SMase)
cleaving the phosphocholine headgroup of sphingomyelin
to yield ceramide induces vectorial budding of smaller
vesicles from the surface of the GUV (Holopainen et al.,
2000a). The experiments presented here addressed the ef-
fects of the closely related reaction catalyzed by PC-PLC
removing the phosphocholine headgroup to yield diacyl-
glycerol. Compared to the reaction catalyzed by SMase very
FIGURE 4 PC-PLC (B. cereus) causes the adherence of adjacent fluid phase SOPC giant vesicles. Still phase contrast images were taken before enzyme
administration (A) and after 1 min 11 s (B) and 2 min 9 s (C). A small vesicle is visible inside the GUV (A). The length of the scale bar in D corresponds
to 20 m.
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different morphological consequences were observed for
the latter enzyme. In brief, the hydrolysis of SOPC GUVs
by PC-PLC is characterized by sequential stepwise decre-
ments in the vesicle diameter as a series of intermittent lags
and shrinkages. A similar type of shrinkage/lag was also
observed for saturated DMPC GUVs when in the liquid
crystalline state, above the main phase transition tempera-
ture at 24°C. Instead, the above process was not observed
for gel state liposomes, thus suggesting that in this state they
cannot be hydrolyzed by PC-PLC. A probable reason for the
apparent lack of activity of PC-PLC toward the DMPC
vesicles at T  Tm is the high lateral packing density of
DMPC below the main transition and accordingly, for the
enzyme it is more difficult to penetrate (even shallowly)
into the lipid membrane. On the other hand, when in the
fluid state (T  Tm) the lipid packing allows more efficient
penetration to the membrane. This allows for optimal cata-
lytic activity (Gabriel et al., 1987) and the observed lag-
shrink behavior. This mechanism would be compatible with
the critical surface pressure of 30 mN/m observed for
FIGURE 5 PC-PLC from B. cereus was applied to the vicinity of the outer surface of a single gel phase DMPC vesicle. Still phase contrast images were
taken before enzyme administration (A) and after 15 min (B), 30 min (C), and 60 min (D). The length of the scale bar in D corresponds to 20 m.
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PC-PLC when using monolayers as a substrate (Fig. 7).
Furthermore, the above shrinkage/lag behavior is not ob-
served for multilamellar giant vesicles which only undergo
a minor decrease in the vesicle diameter.
Phospholipases have been used as probes for membrane
sidedness. Accordingly, PLA2 can degrade 80% of the outer
monolayer lipids without degrading those present in the
inner monolayer (Sundler et al., 1978). In contrast, phos-
pholipase C and D were not restricted in their action on the
outer monolayer only. Yet, these authors used sonicated
small unilamellar vesicles as the substrate. Comparison of
these and our results therefore suggests that PC-PLC can act
only on the outer monolayer of the GUV as demonstrated by
the lack of the above morphological changes when using
multilamellar giant vesicles as the substrate.
The dependence of the catalytic activity of PC-PLC on
the physical state of the substrate has received significantly
less attention compared to PLA2, for instance. However, it
was shown that similarly to PLA2 the activity of PC-PLC is
increased at the main phase transition temperature (Fig. 6;
Vandenbranden et al., 1985) suggesting activation of these
enzymes by the lateral heterogeneity of the membrane in the
gel-fluid two phase region (Hønger et al., 1997).
Following the addition of PC-PLC to the vicinity of the
GUV membrane surface the hydrolysis of phosphatidylcho-
line in the outer surface results in the production of diacyl-
glycerol. The area per molecule of sn-1-stearoyl-2-oleoyl-
glycerol (SOG) should be significantly smaller compared to
that of SOPC. For the latter this is62 Å2 at  30 mN/m
(H. L. Brockman, personal communication), unfortunately,
for the former, exact A/molec is not available. Accordingly,
as the volume of vesicle remains unaltered the conversion of
SOPC to SOG by PC-PLC causes an increase in the mem-
brane tension. Due to the formation of SOG the average area
per molecule decreases compared to neat SOPC vesicles,
leading to an increase in membrane tension. When tension
reaches a critical value a transient pore is opened to release
the water from the interior of the GUV and to restore the
energy minimum. Accordingly, if a certain critical tension is
needed to open the pore then the relative decrement in the
vesicle surface area should be the same in all consecutive
shrinkages. We analyzed the vesicle diameters for the dec-
rement in different vesicles and the results show that the
diameter decreases by 9.8  1.4% in the consecutive
shrinkages. This finding lends support to the idea that a
constant mole fraction of SOG is needed to cause the
stepwise shrinkages. Subsequently, due to the simulta-
neously progressing hydrolytic reaction, the membrane ten-
sion again increases, following the closing of the pore. This
cycle, increase in membrane tension, opening of a transient
pore, water efflux, and closing of the pore continues and is
driven by the generation of SOG by PC-PLC. It should,
however, be stressed here that evidence for the increased
tension/pore/water efflux cycle is scarce. Unfortunately, we
are lacking a suitable method to assess experimentally the
above putative process. Phosphatidylcholine/diacylglycerol
mixtures have been extensively studied. Diacylglycerol has
a limited solubility at X  0.40 in lamellar phosphatidyl-
FIGURE 6 Temperature dependence of PC-PLC activ-
ity on DMPC large unilamellar vesicles. The reactions
were started by the addition of 5 U/ml B. cereus PC-PLC
and were allowed to proceed for 5 min in 0.5 mM Hepes,
10 mM CaCl2, 2 mM MgCl2, pH 7.4. The formed dimyr-
istoylglycerol was separated on a TLC plate developed
with hexane/ethyl-ether/acetic acid (80:20:1, v/v/v) and
subsequently quantitated densitometrically. The solid line
represents a guide to the eye.
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choline (Small, 1986; Cunningham et al., 1989). Exceeding
this mole fraction an isotropic phase should form, probably
separating as a fluid phase within the membrane. Our flu-
orescence microscopy data support the view that upon hy-
drolysis the newly formed SOG is accumulated in the area
of the vesicle-vesicle contact sites on the platinum wire.
It is relevant to note that the in vitro conditions used here
are very different from those in vivo. Allan et al. (1978)
showed that when red blood cells were treated with PC-PLC
diacylglycerol is produced only in the outer leaflet of the
plasma membrane. Within one minute, however, a signifi-
cant amount of diacylglycerol is found in the inner leaflet of
the plasma membrane and is further rapidly converted into
phosphatidic acid by diacylglycerol kinase. Cells remained
intact with the hydrolysis of cells being less than 5%.
Transbilayer diffusion of a fluorescent derivative of diacyl-
glycerol is rapid, with a halftime of 70 ms (Bai and
Pagano, 1997). Accordingly, it is possible that the sn-1-
stearoyl-2-oleoyl-glycerol (SOG) produced from SOPC
transfers into the inner leaflet by flip-flop. In contrast, the
flip-flop rate of ceramide is much slower (Bai and Pagano,
1997) and thus strain due to negative spontaneous curvature
FIGURE 7 (A) Changes in the surface pressure following
the injection of B. cereus phospholipase C into the sub-
phase. (B) Relative changes in the pressure following the
application of B. cereus PC-PLC. Data taken from A.
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of the outer leaflet would be caused upon the action of
SMase, leading to the formation of small vesicles (Hol-
opainen et al., 2000a; Kinnunen et al., 2000). Interestingly,
if endogenous phosphatidylinositol-PLC is activated by
Ca2 vectorial budding of vesicles from the outer leaflet of
the red blood cell is observed (Allan et al., 1976; Allan and
Michell 1977). This suggests that also diacylglycerols could
induce vesiculation when the processing of this lipid into
phosphatidic acid is relatively slow. Yet, the peculiar acyl
chain composition of phosphatidylinositol could also be
important (Hodgkin et al., 1998).
We thank Dr. B. Tenchov and Dr. D. Zhelev for stimulating discussions as
well as Dr. H. L. Brockman for providing us with the compression isotherm
for SOPC. This study was supported by Tekes, Finnish Academy
(P.K.J.K.), French-Bulgarian Laboratory “Vesicles and Membranes” of the
C.N.R.S., and the Bulgarian Academy of Sciences (M.I.A.). J.M.H. is
supported by grants from Farmos Research Foundation, Paulo Research
Foundation, the Finnish Cultural Foundation, and Emil Aaltonen Founda-
tion. Part of the experimental work was carried out in the French-Bulgarian
Laboratory “Vesicles and Membranes” (Institute of Biophysics, BAS,
Sofia) supported by the C.N.R.S. and the Bulgarian Academy of Sciences.
REFERENCES
Akashi, K., H. Miyata, H. Itoh, and K. Kinosita, Jr. 1996. Preparation of
giant liposomes in physiological conditions and their characterization
under an optical microscope. Biophys. J. 71:3242–3250.
Allan, D., M. M. Billah, J. B. Finean, and R. H. Michell. 1976. Release of
DAG-enriched vesicles from erythrocytes with increased intracellular
Ca2. Nature. 261:58–60.
Allan, D., and R. H. Michell. 1977. Calcium ion-dependent DAG accu-
mulation in erythrocytes is associated with microvesiculation but not
with efflux of potassium ions. Biochem. J. 466:495–499.
Allan, D., P. Thomas, and R. H. Michell. 1978. Rapid transbilayer diffu-
sion of 1,2-DAG and its relevance to control of membrane curvature.
Nature. 276:289–290.
Angelova, M. I., and D. S. Dimitrov. 1986. Liposome electroformation.
Faraday Discuss. Chem. Soc. 81:303–311.
Bangham, A. D., M. M. Standish, and J. C. Watkins. 1965. Diffusion of
univalent ions across the lamellae of swollen phospholipids. J. Mol. Biol.
13:238–252.
Bai, J., and R. E. Pagano. 1997. Measurement of spontaneous transfer and
transbilayer movement of BODIPY-labeled lipids in lipid vesicles. Bio-
chemistry. 36:8840–8848.
Basa´n˜ez, G., J. L. Nieva, F. M. Gon˜i, and A. Alonso. 1996. Origin of the
lag period in the phospholipase C cleavage of phospholipids in
membranes: concomitant vesicle aggregation and enzyme activation.
Biochemistry. 35:15183–15187.
Basa´n˜ez, G., M. B. Ruiz-Argu¨ello, A. Alonso, F. M. Gon˜i, G. Karlsson,
and K. Edwards. 1997. Morphological changes induced by phospho-
lipase C and by sphingomyelinase on large unilamellar vesicles: a
cryo-transmission electron microscopy study of liposome fusion. Bio-
phys. J. 72:2630–2637.
Blume, A. 1979. A comparative study of the phase transitions of phospho-
lipid bilayers and monolayers. Biochim. Biophys. Acta. 557:32–44.
Brockman, H. L. 1999. Lipid monolayers: why use half a membrane to
characterize protein-membrane interactions? Curr. Opin. Struct. Biol.
9:438–443.
Cunningham, B. A., T. Tsujita, and H. L. Brockman. 1989. Enzymatic and
physical characterization of diacylglycerol-phosphatidylcholine interac-
tions in bilayers and monolayers. Biochemistry. 28:32–40.
Daniele, J. J., B. Maggio, I. D. Bianco, F. M. Go˜ni, A. Alonso, and G. D.
Fidelio. 1996. Inhibition by gangliosides of Bacillus cereus phospho-
lipase C activity against monolayers, micelles, and bilayer vesicles. Eur.
J. Biochem. 239:105–110.
Dawson, R. M. C., R. F. Irvine, J. Bray, and P. J. Quinn. 1984. Long-chain
DAGs cause a perturbation in the structure of phospholipid bilayer
rendering them susceptible to phospholipase attack. Biochem. Biophys.
Res. Commun. 125:836–842.
Dorovska-Taran, V., R. Wick, and P. Walde. 1996. A 1H nuclear magnetic
resonance method for investigating the phospholipase D-catalyzed hy-
drolysis of phosphatidylcholine in liposomes. Anal. Biochem. 240:
37–47.
Fulford, A. J. C., and W. E. Peel. 1980. Lateral pressures in biomembranes
estimated from the dynamics of fluorescent probes. Biochim. Biophys.
Acta. 598:237–246.
Gabriel, N. E., N. V. Agman, and M. F. Roberts. 1987. Enzymatic hydro-
lysis of short-chain lecithin/long-chain phospholipid unilamellar
vesicles: sensitivity of phospholipases to matrix phase state. Biochem-
istry. 26:7409–7418.
Go˜ni, F. M., and A. Alonso. 1999. Structure and functional properties of
DAGs in membranes. Prog. Lipid Res. 38:1–48.
Go˜ni, F. M., G. Basanez, M. B. Ru¨iz-Arguello, and A. Alonso. 1998.
Interfacial enzyme activation, non-lamellar phase formation and mem-
brane fusion: is there a conducting thread? Faraday Discuss. 111:55–68.
Hodgkin, M. N., T. R. Pettitt, A. Martin, R. H. Michell, A. J. Pemberton,
and M. J. O. Wakelam. 1998. Diacylglycerols and phosphatidates: which
molecular species are intracellular messengers? Trends Biochem. Sci.
23:200–204.
Holopainen, J. M., M. I. Angelova, and P. K. J. Kinnunen. 2000a. Vectorial
budding of vesicles by asymmetric enzymatic formation of ceramide in
giant liposomes. Biophys. J. 78:830–838.
Holopainen, J. M., O. Penate Medina, A. J. Metso, and P. K. J. Kinnunen.
2000b. Sphingomyelinase activity associated with human plasma low
density lipoprotein: possible functional implications. J. Biol. Chem.
275:16484–16489.
Hubner, S., A. D. Couvillon, J. A. Ka¨s, V. A. Bankaitis, R. Vegners, C. L.
Carpenter, and P. A. Janmey. 1998. Enhancement of phosphoinositide
3-kinase (PI 3-kinase) activity by membrane curvature and inositol-
phospholipid-binding peptides. Eur. J. Biochem. 258:846–853.
Hønger, T., K. Jørgensen, D. Stokes, R. L. Biltonen, and O. G. Mouritsen.
1997. Phospholipase A2 activity and physical properties of lipid-bilayer
substrates. Methods Enzymol. 286:168–190.
Kinnunen, P. K. J. 1996. On the molecular-level mechanism of peripheral
protein-membrane interactions induced by lipids forming inverted non-
lamellar phases. Chem. Phys. Lipids 81:151–166.
Kinnunen, P. K. J., J. M. Holopainen, and M. I. Angelova. 2000. Giant
liposomes as model biomembranes for roles of lipids in cellular signal-
ling. In Giant Vesicles. P. L. Luisi and P. Walde, eds. John Wiley and
Sons, New York. 273–284.
Konttila, R., I. Salonen, J. A. Virtanen, and P. K. J. Kinnunen. 1988.
Estimation of the equilibrium lateral pressure in liposomes of 1-palmi-
toyl-2-[10-(pyren-1-yl)-10-ketodecanoyl]-sn-glycero-3-phosphocholine
and the effect of phospholipid phase transition. Biochemistry. 27:
7443–7446.
Lehtonen, J. Y. A., and P. K. J. Kinnunen. 1995. Phospholipase A2 as a
mechanosensor. Biophys. J. 68:1888–1894.
Luisi, P. L., and P. Walde. 2000. Giant Vesicles. John Wiley and Sons,
New York.
Moolenaar, W. H. 1995. Lysophosphatidic acid signalling. Curr. Opin.
Cell Biol. 7:203–210.
Mountford, C. E., and L. C. Wright. 1988. Organization of lipids in the
plasma membranes of malignant and stimulated cells: a new model.
Trends Biol. Sci 13:172–177.
Rao, N. M. 1992. Differential susceptibility of phosphatidylcholine small
unilamellar vesicles to phospholipase A2, C, and D in the presence of
942 Holopainen et al.
Biophysical Journal 83(2) 932–943
membrane active peptides. Biochem. Biophys. Res. Commun. 182:
682–688.
Rao, N. M., and C. S. Sundaram. 1993. Sensitivity of phospholipase C
(Bacillus cereus) activity to lipid packing in sonicated lipid mixtures.
Biochemistry. 32:8547–8552.
Roberts, M. F. 1996. Phospholipases: structural and functional motifs for
working at an interface. FASEB J. 10:1159–1172.
Ruiz-Argu¨ello, M. B., G. Basa´n˜ez, F. M. Gon˜i, and A. Alonso. 1996.
Different effects of enzyme-generated ceramides and DAGs in phospho-
lipid membrane fusion and leakage. J. Biol. Chem. 271:26616–26621.
Ruiz-Argu¨ello, M. B., F. M. Gon˜i, and A. Alonso. 1998a. Phospholipase C
hydrolysis of phospholipids in bilayers of mixed lipid compositions.
Biochemistry. 37:11621–11628.
Ruiz-Argu¨ello, M. B., F. M. Gon˜i, and A. Alonso. 1998b. Vesicle mem-
brane fusion induced by the concerted activities of sphingomyelinase
and phospholipase C. J. Biol. Chem. 273:22977–22982.
Schnorf, M., I. Potrykus, and G. Neuhaus. 1994. Microinjection technique:
routine system for characterization of microcapillaries by bubble pres-
sure measurement. Exp. Cell Res. 210:260–267.
Small, D. M. 1986. The Physical Chemistry of Lipids. Plenum Press, New
York. 345–395.
Sundler, R., A. W. Alberts, and P. R. Vagelos. 1978. Phospholipases as
probes for membrane sidedness. J. Biol. Chem. 253:5299–5304.
Vandenbranden, M., G. De Gang, R. Brasseur, F. Defrise-Quertain, and
J. M. Ryusschaert. 1985. Hydrolysis of phosphatidylcholine liposomes
by lysosomal phospholipase A is maximal at phase transition tempera-
ture of the lipid substrate. Biosci. Reports 5:477–482.
Wick, R., M. I. Angelova, P. Walde, and P. L. Luisi. 1996. Microinjection
into giant vesicles and light microscopy investigation of enzyme-
mediated vesicle transformations. Chem. Biol. 3:105–111.
Zidovetski, R., and D. S. Lester. 1992. The mechanism of activation of
protein kinase C: a biophysical perspective. Biochim. Biophys. Acta.
1134:261–272.
Action of PLC on Giant Zwitterionic Liposomes 943
Biophysical Journal 83(2) 932–943
